Background: Aortic pulse wave velocity (aPWV) predicts cardiovascular complications, but the association of central arterial properties with blood lead level (BL) is poorly documented. We therefore assessed their association with BL in 150 young men prior to occupational lead exposure, using baseline data of the Study for Promotion of Health in Recycling Lead (NCT02243904). Methods: Study nurses administered validated questionnaires and performed clinical measurements. Venous blood samples were obtained after 8-12 h of fasting. The radial, carotid and femoral pulse waves were tonometrically recorded. We accounted for ethnicity, age, anthropometric characteristics, mean arterial pressure, heart rate, smoking and drinking, and total and high-density lipoprotein serum cholesterol, as appropriate. Results: Mean values were 4.14 lg/dL for BL, 27 years for age, 108/79/28 mm Hg for central systolic/diastolic/pulse pressure, 100/10% for the augmentation ratio/index, 1.63 for pressure amplification, 5.94 m/s for aPWV, 27/11 mm Hg for the forward/backward pulse pressure height, and 43% for the reflection index. Per 10-fold BL increase, central diastolic pressure and the augmentation ratio were respectively 5.37 mm Hg (95% confidence interval [CI], 1.00-9.75) and 1.57 (CI, 0.20-2.94) greater, whereas central pulse pressure and the forward pulse pressure height were 3.74 mm Hg (CI, 0.60-6.88) and 3.37 mm Hg (CI, 0.22-6.53) smaller (p .036 for all). The other hemodynamic measurements were unrelated to BL. The reflected pulse peak time was inversely correlated with diastolic pressure (r ¼ À0.20; p .017). Conclusion: At the exposure levels observed in our current study, aPWV, the gold standard to assess arterial stiffness, was not associated with BL. Increased peripheral arterial resistance, as reflected by higher diastolic pressure, might bring reflection points closer to the heart, thereby moving the backward wave into systole and increasing the augmentation ratio in relation to BL.
Introduction
Arterial stiffness predicts cardiovascular complications over and beyond traditional risk factors [1] [2] [3] [4] . The arterial pressure wave consists of a forward component generated by the heart and reflected waves returning from peripheral branching sites to the central aorta [5] [6] [7] . In a stiff compared with an elastic central arterial tree, reflected waves return faster, reach the proximal aorta during systole, and augment late systolic blood pressure [5] [6] [7] . Experts consider aortic pulse wave velocity as the gold standard in the assessment of arterial stiffness [8, 9] , whereas systolic augmentation is also influenced by other factors, such as cardiac output, stroke volume and left ventricular ejection time [10] . According to the 2018 European guidelines [9] , a conservative threshold of aortic pulse wave velocity carrying risk in hypertensive patients is 10 m/s or higher.
Advancing age and higher blood pressure are the main drivers of arterial stiffening and increased aortic pulse wave velocity [5, 11] . Whereas there is an abundant, but contradictory, literature on the association of blood pressure with lead exposure, a PubMed search using as keywords "pulse wave velocity" OR "augmentation index" OR "arterial stiffness" OR "pulse pressure" combined with "exposure" or "lead exposure" revealed only ten articles of potential relevance, describing the association of peripheral pulse pressure [12] [13] [14] [15] [16] [17] , the ambulatory arterial stiffness index [18] , or central hemodynamic measurements [19] [20] [21] with the lead concentration in blood [12] [13] [14] [15] [16] [17] [18] [19] [20] , urine [18] , toenails [21] or bone [13, 14, 16] . We therefore assessed the association of central hemodynamic measurements, including central blood pressure, systolic augmentation, aortic pulse wave velocity and pulse wave reflection, with blood lead, using the first in-study assessment (2015) (2016) (2017) collected in the ongoing Study for Promotion of Health in Recycling Lead (SPHERL; NCT02243904). Study participants were young men examined prior to chronic exposure at lead recycling plants in the United States [22] .
Methods
Study design and study population SPHERL (NCT02243904) is a longitudinal study of newly hired lead workers at battery manufacturing and lead recycling plants in the United States [22] . SPHERL complies with the Helsinki declaration for investigations in humans [23] . The Ethics Committee of the University Hospitals Leuven (Belgium) approved the study protocol and the information sheet and consent form for participants. From 1 May 2015 until 19 September 2017, 556 men applied for a job. All were invited to participate and 460 provided written informed consent (participation rate, 82.7%), of whom 448 completed the baseline examination. The informed consent forms are on file at the study sites and are not transferred to the coordinating center in Leuven to protect the confidentiality of the participants' identity. Among these 448 men, 185 had their blood lead measured and had a high-quality assessment of their central hemodynamics available for analysis, including both pulse wave analysis and pulse wave velocity. Of the 185 workers eligible for analysis, we excluded 35, because of known previous occupational exposure to lead (N ¼ 18), because they were on antihypertensive drug treatment (N ¼ 13), or because variables had extreme values (N ¼ 4). No worker was excluded because of an extreme blood lead level. In the four workers with outlying covariables, blood lead ranged from 0.60 to 13.6 lg/dL (geometric mean, 5.45 lg/dL). The number of workers statistically analyzed totaled 150.
Clinical and hemodynamic measurements
Study nurses administered validated questionnaires, inquiring into each worker's medical history, previous occupations, exposure to heavy metals at work or during leisure time, smoking and drinking habits, intake of medications and lifestyle. Ethnicity was selfreported. The umbilicus and greater trochanter were the landmarks for measuring waist and hip circumference. After the workers had rested for 5 minutes in the supine position, nurses measured blood pressures twice to the nearest 2 mm Hg on the right arm, using a standard mercury sphygmomanometer (Riester GmbH, Jungingen, Germany) fitted with the appropriate cuff size according to European guidelines [24] . Pulse pressure was systolic minus diastolic blood pressure. Mean arterial pressure was diastolic pressure plus one third of pulse pressure. Hypertension was a brachial blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic.
Next, the nurses recorded during an 8-s period, the radial arterial waveform at the dominant arm by applanation tonometry. They used a high-fidelity SPC-301 micromanometer (Millar Instruments Inc., Houston, TX) interfaced with a laptop computer running the SphygmoCor software (AtCor Medical Pty. Ltd., West Ryde, New South Wales, Australia), version 9.0. Recordings were discarded when systolic or diastolic variability of consecutive waveforms exceeded 5%, when the amplitude of the pulse wave signal was less than 80 mV, and when the operator index was less than 80. From the radial signal, the SphygmoCor software calculates the aortic pulse wave by means of a validated generalized transfer function [25, 26] . The software returns the central systolic, diastolic and pulse pressure, and the pressure at the first and second peak (shoulder) of the central waveform. The augmentation ratio and index are quotients of the second over the first peak of the central blood pressure wave and of the absolute difference between the second and first peak over central pulse pressure, both expressed as a percentage. Pressure amplification is the ratio of peripheral to central pulse pressure. From the central waveform, a triangular-flow pressure-based wave separation algorithm [3] , as implemented in the SphygmoCor software, allows computing the forward and backward pulse pressure amplitudes (Supplementary Figure 1) and the timing of their peak height relative to the electrocardiographic QRS complex. The reflection index was the ratio of the backward to the forward pulse pressure amplitude expressed as percentage. For pulse wave analysis, mean arterial pressure and diastolic pressure, as obtained from the second brachial blood pressure reading [27] , were entered in the SphygmoCor software.
Aortic pulse wave velocity was measured by sequential electrocardiographically gated recordings of the arterial waveform at the carotid and femoral arteries. Nurses measured the distance from the suprasternal notch to the carotid sampling site (distance A), and from the suprasternal notch to the femoral sampling site (distance B). Pulse wave travel distance was calculated as distance B minus distance A [28] . Pulse transit time was the average of 10 consecutive beats [8] . Carotid-femoral pulse wave velocity is the ratio of the travel distance in meters to transit time in seconds. Pulse wave velocity was discarded if the standard error of the mean of 10 beats exceeded 10%. We standardized the augmentation ratio, augmentation index, pressure amplification, the forward and reflected pulse pressure amplitude, and aortic pulse wave velocity to a heart rate of 65 beats per minute (approximately the mean in the study population). The arterial measurements were first regressed on heart rate to obtain the b for each time-dependent hemodynamic variable. Next, we calculated the standardized variables using the formula: standardized variable ¼ crude variable -b Â (observed heart rate -65).
Biochemical measurements
Venous blood samples were obtained after 8-12 h of fasting. Lead levels were determined on whole blood by inductively coupled plasma mass spectrometry at an analytical laboratory certified for blood lead analysis in compliance with the provisions of the OSHA Lead Standard, 29CFR 1910.1025 (Occupational Safety and Health Administration [www.osha.gov]). Prior to analysis, the specimens were digested with nitric acid and spiked with an iridium internal standard. The detection limit was 0.5 mg/dL. Accuracy, defined as the deviation from known lead standards ran along with the samples in each test run, was less than 10%. The bias determined according to the Bland and Altman approach [29] in 30 spilt blood samples with blood lead concentrations (average in duplicate samples) ranging from 0.70 to 27.9 lg/dL, was 0.08 lg/dL. The repeatability coefficient, defined as twice the SD of the signed differences between duplicate measurements [29] was 0.52 (95% confidence interval, -0.01 to 0.18, p¼.078). Expressed as a percentage of the mean blood lead concentration or as a percentage of near maximal variation in blood lead (four times the SD of the logarithmically transformed distribution), the repeatability coefficient was 6.7% and 1.9%, respectively. Lower values indicate better repeatability. Serum total and highdensity lipoprotein (HDL) cholesterol and blood glucose were measured by automated enzymatic methods and serum insulin and cystatin C by ELISA. We estimated the glomerular filtration rate from serum cystatin C, using the Chronic Kidney Disease Epidemiology Collaboration equations [30] . The analytical laboratory participated in proficiency testing programs, including the PA DOH [Pennsylvania Department of Health] Blood Lead Proficiency Program. Over three evaluations, the laboratory obtained a proficiency score of 100% for lead, 100% for routine biochemistry, and 98% for insulin. From 2015 to 2018, the laboratory also passed proficiency testing for blood lead organized by the College of American Pathologists (CAP), the
Wisconsin State Laboratory of Hygiene (WSLH), and the Centers of Disease Control and Prevention Lead and Multielement Proficiency Program (CDC-LAMP).

Data processing and statistical analysis
Database management and statistical analysis were done using SAS 9.4 software (Carey, NC). The flow and quality control of the data are described in the published protocol [22] . Departure from normality was evaluated using Shapiro-Wilk's statistic. Skewness and kurtosis were computed as the third and fourth moments of the mean divided by the cube of the standard deviation. We applied a base-10 logarithmic transformation to normalize the distributions of blood lead and serum insulin. The central tendency (spread) was represented by the arithmetic mean (SD) for normally distributed variables and by the geometric mean (interquartile range) for log-normally distributed variables. To compare means and proportions, we applied a t-statistic, and the v 2 -statistic or Fisher exact test, respectively.
In exploratory analyses, we assessed blood pressure levels and central hemodynamic measurements in participants with a blood lead concentration below and above the median of the distribution. We identified potential covariables by stepwise regression analysis. The covariables considered were ethnicity (white vs. non-white), age, body height, body weight, the waist-to-hip ratio, current smoking and drinking, the total-to-HDL cholesterol ratio, and additionally mean arterial pressure for the time-dependent central hemodynamic measurements. In sensitivity analyses, we also accounted for eGFR and serum insulin. We computed the multivariable-adjusted associations of the blood pressure levels and central hemodynamic measurements with blood lead, using linear regression. Significance was a 2-tailed a-level of 0.05 or less.
Results
Characteristics of participants
The 150 newly hired workers included 72 Whites (48.0%), 70 Hispanics (46.7%), 4 Blacks (2.7%), 1 Asian (0.7%), and 3 workers of mixed ethnicity (2.0%). Prevalence amounted to 54 (36.2%) for smoking, 67 (45.0%) for alcohol consumption, 37 (24.7%) for hypertension, and 2 (1.3%) for diabetes mellitus. Among all workers, mean values (± SD) were 27.0 ± 8.4 years for age (interquartile range [IQR], 21.0-30.1 years), 125.9 ± 12.8 mm Hg and 78.0 ± 9.9 mm Hg for brachial systolic and diastolic blood pressure, 63.3 ± 10.2 beats per minute for heart rate, 174.6 ± 6.9 cm and 83.8 ± 18.8 kg for body height and weight (Supplementary Table 1 ). The serum total-to-HDL cholesterol ratio, blood glucose, eGFR and serum insulin averaged 3.93 ± 1.29, 92.0 ± 10. 6 mg/dL, 128.4 ± 13.6 mL/min/1.73 m 2 and 6.5 lU/mL (IQR, 3.5-11.2 lU/mL), respectively (Supplementary Table 1 ). The geometric mean blood lead concentration at the pre-employment physical examination was 2. 47 lg/dL (IQR, 2.00-3.00 lg/dL). The first in-study assessment of blood lead, done simultaneously with the hemodynamic assessment, was performed 21 days (IQR, 10-31 days) after workers had started employment. At that time point, the geometric mean blood lead concentration was 4.14 lg/dL (IQR, 2.50-8.00 lg/dL; Figure 1) . Table 1 lists the characteristics of the workers by the median blood lead concentration. There were no 
Central hemodynamic measurements
In all participants, the central systolic, diastolic and pulse pressure averaged 108.1 ± 9.4 mm Hg, 78.8 ± 10.0 mm Hg, 28.3 ± 7.2 mm Hg respectively (Supplementary Table 2 ). Mean values for the augmentation ratio, the augmentation index and pressure amplification, standardized to a heart rate of 65 beats per minute, were 100. 2 ± 3.6%, 10.2 ± 7.6% and 1.63 ± 0.15%. The standardized aortic pulse wave velocity averaged 5.94 ± 1.85 m/s. Mean values for the forward pulse pressure amplitude, reflected pulse pressure amplitude and reflection index, derived from the wave separation analysis and standardized to a heart rate of 65 beats per minute, were 27. 4 ± 7.5 mm Hg, 11.4 ± 2.6 mm Hg and 42.9 ± 11.0%, respectively (Supplementary Table 2) . Table 2 lists the central hemodynamic of the workers by the median of the blood lead distribution. There were no differences between the low and high lead categories (p!.10) except for central diastolic pressure, central pulse pressure and the forward pulse pressure height. In the high compared with the low blood lead group, central diastolic blood pressure was slightly higher (80.3 vs. 77.2 mm Hg; p ¼ .059), whereas central pulse pressure (28.1 vs. 30.6 mm Hg; p ¼ .029) and the forward pulse pressure height (26.2 vs. 28.8 mm Hg; p ¼ .031) were significantly lower. The findings for the time-dependent central hemodynamic measurements were consistent, irrespective of the standardization for heart rate (Supplementary Table 3 ).
The augmentation ratio, augmentation index, aortic pulse wave velocity and the reflection index increased with older age (Supplementary Figure 2) , whereas the forward pulse pressure amplitude decreased with age. The reflected pulse peak time was inversely correlated with peripheral (r ¼ À0.20; p ¼ .017) and central (r ¼ À0.20; p ¼ .013) diastolic pressure.
Peripheral and Central blood pressure
We performed linear regression analysis relating the peripheral and central blood pressure levels to blood lead (Table 3) , first unadjusted and next adjusted for ethnicity, age, body height, body weight, waist-to-hip ratio, smoking and drinking and the total-to HDL cholesterol ratio. The stepwise regression results for covariables were listed in Supplementary Table 4 . Irrespective of the adjustment, peripheral and central systolic pressures were not associated with blood lead (p ! .36), the same for mean arterial pressures (p ! .073). In unadjusted analyses, the associations of peripheral and central diastolic pressure with blood lead were nonsignificant (p ! .13). With adjustment, peripheral and central diastolic pressures were approximately 5.5 mm Hg higher for a 10-fold increase in blood lead (p .015; Figure 2 ). Irrespective of adjustment, peripheral and central pulse pressures were inversely related to blood lead (Table 3 ). In the adjusted analyses, the association sizes for a 10-fold higher blood lead amounted 6.92 mm Hg (p ¼ .017) for peripheral pulse pressure and 3.74 mm Hg (p ¼ . 020) for central pulse pressure (Figure 2 ).
Time-dependent central hemodynamic measurements
The time-dependent hemodynamic measurements were standardized to a heart rate of 65 beats per minute. Adjusted analyses accounted for the same covariables as mentioned before and additionally for mean arterial The central hemodynamic measurements were standardized to a heart rate of 65 beats per minute (median). Values are mean ± SD.
pressure. In unadjusted and adjusted analyses (Table 3) , the augmentation ratio, augmentation index, pressure amplification, the forward and reflected pulse peak times did not correlate with blood lead (p ! .23) with exception of the augmentation ratio in the adjusted analysis. The association size for a 10-fold increment in blood lead was 1.57% (p ¼ .025; Figure 3 ). Irrespective of adjustment, aortic pulse wave velocity and the reflection index did not correlate with blood lead (p ! .32). However, both the forward and reflected pulse pressure height tended to be lower with higher blood lead (Table  3 ). This trend reached significance for the forward pulse pressure height in the adjusted analysis (À3.37 mm Hg; p ¼ .036; Figure 4 ) and for the reflected pulse pressure height in the unadjusted analysis (À1.19 mm Hg; p ¼ .045).
Sensitivity analyses
Additional adjustment for serum insulin (or blood glucose) and eGFR produced consistent results for the associations of blood lead with the central blood pressure and the other central hemodynamic indexes (Supplementary Table 5 ). To exclude a background effect of the cumulative lead dose, we computed the fully adjusted slopes of central diastolic pressure, central pulse pressure, the augmentation ratio and the forward pulse pressure height in participants aged up to 40 years Adjusted models accounted for ethnicity, age, body height, body weight, waist-to-hip ratio, smoking and drinking and the total-to-HDL cholesterol ratio. The central hemodynamic measurements were standardized to a heart rate of 65 beats per minute (median) and additionally adjusted for mean arterial pressure. Association sizes, given with 95% confidence interval, are the difference in the outcome variable associated with a 10-fold higher blood lead concentration. For each association the adjusted regression line with 95% confidence interval was depicted. The models accounted for ethnicity, age, body height, body weight, the waist-to-hip ratio, smoking and drinking, and the total-to HDL cholesterol ratio.
(N ¼ 136) or up to 30 years (N ¼ 112). As shown in Supplementary Table 6 , the association sizes of the hemodynamic measurements in these subgroups limited by age were consistent with those reported in Table 3 . We also performed a sensitive analysis for central hemodynamics calibrated by form factor 0.4 (mean arterial pressure ¼ diastolic blood pressure þ 0. 4 Â pulse pressure). The results (Supplementary Tables  7 and 8 ) were in close agreement with those reported in Tables 2 and 3 .
Discussion
In the 150 newly hired workers enrolled in our current study, the geometric mean blood lead concentration was 4.14 lg/dL. We failed to demonstrate a significant association of aortic pulse wave velocity, which is the gold standard in the assessment of arterial stiffness [8, 9] , with blood lead. Peripheral and central diastolic pressure and the augmentation ratio were greater with higher blood lead, whereas the opposite was the case for peripheral and central pulse pressure and for the forward pulse pressure height. The decrease in pulse pressure with higher blood lead concentration can be easily explained by the lack of association of systolic pressure with blood lead and the positive relation of diastolic pressure with blood lead. We propose that increased peripheral arterial resistance, as reflected by higher diastolic pressure [31] , brings reflection points closer to the heart and thereby moves the backward wave into systole and increases the augmentation ratio (Supplementary Figure 1 ) in relation to blood lead. This assumption is supported by the inverse association between the reflected pulse peak time and diastolic pressure (r ¼ À0.20; Supplementary Figure 3) . In a previously published manuscript based on the baseline SPHERL data [32] , we assessed the association of blood pressure with blood lead in 236 male workers prior to occupational lead exposure. Consistent with our current findings, in multivariable-adjusted analyses, brachial diastolic pressure on in-office measurement was around 2.67 mm Hg higher for a 10-fold increase in blood lead (p ¼ .043). However, in unadjusted and multivariable-adjusted analyses, the 24-h, awake and asleep systolic and diastolic blood pressures and the odds of having hypertension were unrelated to the blood lead level. The white-coat effect explained the significant association between office diastolic blood pressure and blood lead. Guidelines in North America [33, 34] and Europe [35, 36] unanimously recommend ambulatory monitoring as the method of choice to record blood pressure. Our interpretation was therefore that the weak positive association between diastolic pressure and blood lead was due either to measurement error inherent to the auscultatory Korotkoff method [37] , or to the white-coat effect reflecting arousal and Figure 3 . Association of the augmentation ratio (A), augmentation index (B) and pressure amplification (C) standardized to a heart rate of 65 beats per minute with blood lead. The augmentation ratio was the ratio of the second over the first peak of the central blood pressure wave. The augmentation index was the absolute difference between the second and first peak over central pulse pressure. Pressure amplification was the ratio of peripheral over central pulse pressure. The ratios were expressed in percent and standardized to a heart rate of 65 beats per minute. For each association the adjusted regression line with 95% confidence interval was depicted. The models accounted for ethnicity, age, body height, body weight, the waist-to-hip ratio, mean arterial pressure, smoking and drinking, and the total-to HDL cholesterol ratio.
sympathetic activation in a medical environment [38] , or both.
The interpretation of the scant literature on the possible association of central hemodynamics with lead exposure is difficult [18] [19] [20] [21] 39] , because most studies applied a suboptimal method to assess central hemodynamics [18, 39] , had a small sample size [21] , or had a case-control design [18] [19] [20] . Among 420 men working as bus drivers in Bangkok [39] , Thailand, age averaged 41.6 years and the blood lead concentration ranged from 2.5 to 16.2 lg/dL (mean, 6.3 lg/dL). The vascular aging index derived from the second derivative of the finger photo plethysmogram increased with blood lead, but the biomarker of exposure explained only 1.5% of the variance (p ¼ .003) in a stepwise regression model already including age and body mass index [39] . However, this study [39] did not report on systolic pressure augmentation in the ascending aorta, which is also possible to derive from the finger plethysmogram [40] . In an observational follow-up study of 25 welders, there was no association between the augmentation index, measured by the SphygmoCor system, and the lead concentration in toenails [21] .
In a case-control study of 53 lead-exposed hypertensive men (mean blood lead, 25.3 lg/dL) and 52 non-exposed controls (5.4 lg/dL), participants (mean age, 44.5 years) underwent wall-tracking ultrasonographic imaging of the carotid artery [19] . Mean values of the carotid intima-media thickness (1.14 vs. 0.98 mm), local carotid stiffness (12.0 vs. 9.8), augmentation index (26.0 vs. 20.1%) and the one-point pulse wave velocity (7.6 vs. 6.9 m/s) were significantly higher in exposed workers, whereas the opposite was the case for carotid arterial compliance (0.57 vs. 0.69 mm 3 /KPa). In a case-control study of 68 lead-exposed workers (mean age, 34.7 years; Figure 4 . Association of the aortic pulse wave velocity (A), the forward pulse pressure height (B), the reflected pulse pressure height (C) and the reflection index (D) standardized to a heart rate of 65 beats per minute with blood lead. The forward and backward pulse pressure amplitudes were derived from the central pulse wave by a triangular-flow pressure-based wave separation algorithm. The reflection index was the ratio of the backward to the forward pulse pressure amplitude expressed as percentage. The measurements were standardized to a heart rate of 65 beats per minute. For each association the adjusted regression line with 95% confidence interval was depicted. The models accounted for ethnicity, age, body height, body weight, the waist-tohip ratio, mean arterial pressure, smoking and drinking, and the total-to HDL cholesterol ratio.
median blood and urinary lead concentrations, 40.5 mg/dL and 34.9 mg/L, respectively) without known cardiovascular risk factors matched with 68 healthy controls [18] , the ambulatory arterial stiffness index was higher in lead-exposed workers (0.42 vs. 0.37; p ¼ .007) and correlated with both blood (r ¼ 0.42; p < .001) and urinary (r ¼ 0.24; p ¼ .047) lead levels. With adjustments applied the association remained significant with blood lead only [18] . In a case-control study of 41 exposed workers (mean blood lead, 45.4 mg/dL) and 39 healthy controls (1.2 mg/dL) with mean age of 36.3 years, aortic strain (9.4 vs. 12.4%; p ¼ .004) and aortic distensibility (0.45 vs. 0.55; p ¼ .046) were lower in exposed compared with non-exposed participants [20] . The aforementioned case-control studies are no longer relevant for environmental and occupational lead exposure in the United States. Indeed, among American adults, mean blood lead levels decreased from 13.1 lg/dL in the National Health and Nutrition Examination Survey II (NHANES II; 1976 -1980 [41, 42] to 2.76 lg/dL in NHANES III (1988) (1989) (1990) (1991) (1992) (1993) (1994) [43] and to 1.64 lg/dL in NHANES IV (1999) (2000) (2001) (2002) [43] .
Above 60 years of age, pulse pressure is a cardiovascular risk factor [44] and may add to the Framingham risk score [1] . In multivariable-adjusted analyses of 1925 Mexican-American men (mean age, 37.6 years; mean blood lead, 2.47 lg/dL) enrolled in NHANES 1999-2006, brachial diastolic pressure was 1.34 mm Hg lower and pulse pressure 1.42 mm Hg higher for each 2.7-fold increment in blood lead [15] . These associations were not replicated in Mexican-American women and White and Black participants [15] . In a crosssectional analysis of 593 men not treated with antihypertensive medications enrolled in the Normative Aging Study (mean age, 66.6 years), pulse pressure was positively associated with the tibia lead concentration with a multivariable-adjusted p-value for trend across fifths of the exposure biomarker of 0.02 [13] . The corresponding association with blood lead (mean, 6.1 lg/ dL) was far from significant (p ¼ .82). In a study of 193 Chinese women, including 123 lead-exposed crystal toy makers (mean age, 27.3 years; mean blood lead, 55.5 lg/dL), brachial pulse pressure was weakly associated with blood lead. Women with a blood lead concentration of 60 lg/dL or more (N ¼ 47) had a 3.4 greater pulse pressure (p ¼ .022) than non-exposed workers (N ¼ 70; 6.4 lg/dL). None of the above studies [12, 13, 15] reported on central pulse pressure.
Our current study also suggested a negative association between forward pulse pressure amplitude and blood lead, which might indicate that lead exposure is associated with impaired systolic left ventricular dysfunction. We previously reported that in a randomly recruited population sample [45] , a doubling of blood lead was associated with slightly decreases in global longitudinal strain (-0.392%; p ¼ .034), regional longitudinal strain (-0.618%; p ¼ .028) and strain rate -0.113 s À1 ; p ¼ .008). In this population sample, the geometric mean blood lead level was 4.19 mg/dL, which is comparable with the blood lead levels in our current worker study. However, the healthy worker effect might exclude extrapolation of population data to the laborers [46] .
Strengths and limitations of the study
To our knowledge, our current study is the first to report on the association of blood lead with the central blood pressure level and other time-dependent central hemodynamic variables, as measured by the state-ofthe-art SphygmoCor tonometric approach [47, 48] . Nevertheless, our current findings must also be interpreted within the context of their limitations. However, the other characteristics, including blood pressure, total and HDL serum cholesterol, serum insulin, eGFR and blood lead were similar in both groups (p ! .30). Second, findings in workers cannot be extrapolated to the general population, because of the so-called healthy worker effect [46] . Third, although our study population was ethnically diverse, it included a majority of Whites and no women. Fourth, the mechanisms underlying our current observations need further clarification. The arterial system is usually modeled as a two-element (resistance and compliance) or three-element (resistance, compliance and aortic characteristic impedance) windkessel model, where a central reservoir fills during systole and empties during diastole [49] . A variant of the windkessel model has been proposed, which incorporates both reservoir-and wave-based approaches in a single model [50] , but this model remains under discussion [31] . More importantly, the SphygmoCor approach only offers an instantaneous approach to assess the central hemodynamics and does not provide information on the diurnal variation in the central hemodynamics [51] . Our current observations and our previous findings [32] suggest that assessing sympathetic nervous activity during the assessment of the central hemodynamics might clarify why we observed a positive relation between brachial diastolic pressure and blood lead [32] . Finally, a potential limitation of our study was that we did not measure bone lead as exposure marker. Approximately 95% of the total body burden of lead is stored in the skeleton, and measurement of bone lead levels can provide a more accurate measure of the internal dose [52] . However, blood lead reflects both recent exogenous exposure and endogenous redistribution of the lead stored in bone [52] . To exclude confounding by the total lead body burden, we ran a sensitivity analysis confined to middle-aged and young workers age, which produced consistent results (Supplementary Table 6 ).
Conclusions
At the exposure levels observed in our current study, aortic pulse wave velocity, the gold standard to assess arterial stiffness [8, 9] , was not associated with blood lead. Increased peripheral arterial resistance, as reflected by higher diastolic pressure, might bring reflection points closer to the heart, thereby moving the backward wave into systole and increasing the augmentation ratio in relation to blood lead. The workers enrolled in SPHERL are being followed up for 2 years, during which time they will be chronically exposed to lead and their blood lead concentration is expected to increase three-to five-fold. This longitudinal follow-up will potentially generate new insights relating central hemodynamics to lead exposure, thereby clarifying whether altered arterial properties might be an intermediate mechanism in explaining the possible association of cardiovascular mortality with blood lead among US adults [53] .
